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From:  Commanding  Offices? 

To:  Chief,  Office  of  Naval  Research  (102-0SC),  Arlington,  VA  22217 

SubJ :  Technical  Memorandum;  forwarding  of  (U) 

Enel:  (1)  (C)  Tech  Memo  No.  TA11-C22-74  of  22  July  1974 

1.  (U)  Enclosure  (i)  is  forwarded  for  your  information  and  retention. 

2,  (U)  Enclosure  (1)  is  forwarded  to  contractors  for  the  duration  of 
their  respective  contracts.  Upon  completion  of  these  contracts,  the 
document  must  be  returned  to  NUSC. 


3.  (U)  Enclosure  (1)  shows  than  signals  which  are  coherently  related 
at  the  source  have  a  slowly  varying  phone  relationship  at  a  receiver 
and  can  be  coherently  swatted  to  provide  additional  processing  gain. 
Changes  in  the  phase  relationship  are  apparently  due  to  modifications 
of  the  naUtipath  structure,  but  no  definitive  explanation  of  this 
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(C)  Measurement  data  from  NORLANT  ’72  exercise  for  two 
harmonically  related  CW  signals,  128  Hz  and  85  Hz,  have 
been  processed  to  obtain  the  phase  angle  relationship  between 
them  as  a  function  of  time.  The  results  show  that  the  relative 
phase  angle  stayed  unchanged  or  varied  slowly  r  with  time  in  most 
cases  but  fluctuated  greatly  in  the  fading  zone.  The 
influence  on  the  coherence  of  these  signals  due  to  hydrophone 
array  configurations,  noise,  and  multipath  interference  is 
discussed  with  some  theoretical  analysis.  The  technique  for 
measuring  the  phase  angle  for  the  study  of  coherence  relations 
presents  some  useful  applications. 


ADMINISTRATIVE  INFORMATION 


(U)  This  memorandum  was  prepared  under  Project  No.  A-650-15* 
Sub-project  No.  H2408,  (U)  "Long  Range  Acoustic  Transmission 
Experiments  for  Surveillance  Systems  Development."  The  sponsoring 
activity  is  Office  of  Naval  Research.  The  principal  investigator 
is  R.  W.  Hasse,  Code  TA.  The  program  manager  is  Dr.  R.  D.  Gaul, 
Code  102-0S. 


(U)  The  authors  of  this  memorandum  are  located  at  the  New 
London  Laboratory,  Naval  Underwater  Systems  Center,  New  London, 
Connecticut  06320. 
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INTRODUCTION 


(C)  As  part  of  the  NORLANT  *72  exercise  (reference  (1)) 
the  second  and  third  harmonics  of  a  43  Hz  CW  signal  were 
simultaneously  transmitted  from  a  projector  at  91  m  depth 
and,  later,  from  the  same  projector  raised  to  18  m  at  each 
of  three  stations  in  the  Labrador  Sea  located  several  hundred 
miles  from  a  receiving  array  on  the  Grand  Banks.  The  two 
signals,  propagating  over  identical  paths,  were  processed  at  the 
array  output  to  determine  the  degree  of  coherence  between 
them,  the  change  in  this  coherence  with  time,  and  to  investigate 
the  effects  of  source  and  array  parameters  and  ocean  medium 
on  the  coherence.  The  results  are  analyzed  to  compare  with  the 
theoretical  relations.  The  processing  gain,  by  utilizing  the 
coherence  relation  for  various  propagation  conditions  is 
computed.  The  technique  for  measuring  the  phase  information 
presents  some  potential  applications. 


BACKGROUND 


(C)  Coherence  of  acoustic  signals  under  various  propagation 
conditions  in  the  ocean  environment  has  been  of  great  interest 
in  the  development  of  long  range  underwater  detection  and 
communication  systems.  There  are  many  environmental  parameters 
such  as  anisotropic  properties  of  the  medium  and  the  condition 
of  surface  and  bottom  boundaries  which  cause  fluctuation  of  acoustic 
signal  along  its  transmission  path.  Studies  have  been  conducted 
in  the  past  for  the  purpose  of  relating  the  space  coherence  of 
the  received  signals  at  various  distances  with  environmental 
parameters.  For  example ,  Robertson  and  Wagner  (reference  (2)) 
have  reported  coherence  measurements  at  an  array  due  to  signals 
transmitted  by  a  CW  source  suspended  from  a  freely  drifting 
ship,  and  more  recently.  Beam  (reference  (3))  reported  work  on 
phase  fluctuations  for  a  signal  transmitted  from  a  CW  source  towed 
radially  at  10  knots.  The  results  of  these  studies  have  beer, 
used  in  the  understanding  of  the  maximum  achievable  array  gain 
under  actual  ocean  environments.  On  the  other  hand,  little  work 
has  been  done  regarding  the  environmental  influence  or.  the  combin¬ 
ation  of  signals  transmitted  along  the  same  path.  A  particular 
example  is  the  harmonically  related  CW'  signals  which  possess 
certain  initial  relationships  among  their  phase  angles.  When 
a  combination  of  such  signals  propagates  through  the  ocean  medium, 
the  phase  angle  relationships  will  be  modified  due  to  different 
responses  of  the  environmental,  parameters  to  each  harmonic  component . 
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Tucker  and  Bamickle  (reference  (4))  have  applied  the  stability 
of  such  phase  relationships  to  identify  underwater  objects  by 
employing  harmonically  related  CW  signals.  If  the  phase 
relationships  of  harmonically  related  signals  propagating  over 
long  distances  are  stable  in  time  it  is  possible  to  bandshift 
one  signal  to  the  frequency  of  the  other  and  to  coherently 
sum  them  to  obtain  a  processing  gain  between  0  and  3  dB. 

(U)  For  two  signals  with  amplitudes  of  A  and  B,  and  a  relative 
phase  angle  of  0,  the  coherence  gain  is  defined  as: 
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where  the  second  term  in  the  brackets  is  the  cross-correlation 
of  the  tvo  signals.  When  A=B,  the  maximum  coherent  gain  will 
be  achieved  and  Equation  (I)  can  be  rewritten  as 


QrfXMl  ~  \0  lo^  [  i  t  U>s4>]. 


(2) 


Wien  0  is  a  time  variable,  the  average  gain  will  be 
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In  the  general  case  of  more  than  two  signals,  Equation  (3)  has 
the  form 


=  ic  Uj  [  i  i- fUj 

Fj 


Where 


the  correlation  between  the  ith  and  jth  signals. 
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MEASUREMENTS 


(C)  The  NORLANT  '72  exercise  was  conducted  in  the  Labrador 
Basin  during  July  and  August  1972.  The  exercise  was 
intended  to  provide  an  assessment  of  the  surveillance  potential 
in  the  Labrador  Basin  and  to  serve  as  the  basis  for  more  exten¬ 
sive  operation  at  a  later  date.  A  preliminary  report  of  the  exer 
cise  has  been  published  by  Martin  and  Adams  (reference  (5)). 

(C)  Measurement  of  coherence  of  harmonically  related  CW  signals 
was  performed  during  the  period  20  July  to  24  July  1972.  A 
CW  projector  was  deployed  by  USNS  SANDS  first  to  a  depth  of  18  m 
for  several  hours  and  then  to  91  m  for  approximately  the  same 
length  of  time  at  sites  shown  in  Figure  1.  During  deployment 
periods,  SANDS  was  allowed  to  drift.  The  signals  were  receiveu 
several  hundred  miles  away  at  a  hydrophone  array  on  the  Grand 
Banks. 


(C)  The  signal  source  was  operated  simultaneously  with  harmonical¬ 
ly  generated  CW  signals  with  intensity  of  189  dB//i\Pa  at  frequencies 
of  85.47  and  128.205  Hz  which  correspond  to  second  and  third 
harmonics  of  42.735  Hz  respectively.  These  exact  values  of  the 
frequencies  resulted  from  electronically  dividing  down  from  a 
stable  oscillator  (1  part  in  10°/ day)  at  120  kHz.  The  second 
and  third  harmonics  were  chosen  so  that  the  two  frequencies 
would  be  near  the  maximum  mechanical  response  of  the  HX  231  sound 
source  used;  this  resonance  frequency  was  104  Hz.  The  HX  231 
bender  bar  projector  was  lowered  to  91  m  and  operated  in  a  contin¬ 
uous  mode  the  last  55  minutes  of  each  hour  for  several  hours  at 
each  of  three  sites.  After  each  91  m  operation,  the  source  was 
raised  to  18  m  and  the  process  repeated.  Station  positions 
and  operating  times  at  each  depth  are  given  in  Table  1.  The  data 
were  collected  on  magnetic  tape  at  single  hydrophones  and  beam 
outputs  of  the  array.  The  received  level  was  not  adequate  for 
processing  using  single  hydrophone  recordings  but  the  narrowband 
signal- to-noise  ratio  at  the  beam  output  was  sufficient. 


DATA  PROCESSING 


(C)  Figure  2  is  a  block  diagram  of  the  system  used  to  process 
the  data  recorded  on  the  magnetic  tape.  The  signals  were 
processed  through  two  separate  channels;  one  channel  contained 
a  digital  filter  (reference  (6))  of  128  Hz  center  frequency  and 
0.24  Hz  bandwidth  followed  by  a  bandpass  active  filter  to  reduce 
the  aliasing  frequency  components  and  the  other  contained  a 
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digital  filter  with  center  frequency  of  85  Hz  and  bandwidth 
of  0.24  Hz.  The  center  frequencies  of  the  digital  filters 
were  set  by  a  frequency  synthesizer  and  the  drift  of  the  center 
frequency  relative  to  the  third  harmonic  signal  was  continuously 
monitored  using  a  phase  meter  and  strip  chart  recording  to 
ensure  the  proper  setting  of  the  synthesizer.  The  85  Hz  second 
harmonic  signal  was  bandshifted  to  the  third  harmonic  frequency 
near  128  Hz  by  going  through  a  squarer  clipper,  frequency  divider 
(x  1/2),  and  a  band  pass  active  filter  to  isolate  the  third 
harmonics.  The  outputs  of  these  two  channels  fed  a  phase  meter 
for  comparing  their  phase.  The  time  series  of  the  resulting 
relative  phase  was  plotted  continuously  on  a  strip  chart. 

(U)  A  phase  reversal  switch  was  provided  at  the  inpy.t  of  the 
phase  meter  so  when  the  phase  angle  difference  approached  360 
degrees,  a  known  160  degree  shift  could  be  induced  by  simply 
reversing  the  polarity  of  one  of  the  signals  thereby  keeping 
the  plotted  result  near  the  center  of  the  chart;  a  note  is  made 
on  the  strip  chart  whenever  such  a  change  is  made. 

(C)  The  amplitudes  vs.  time  of  the  128  and  85  Hz  signal 
components  at  the  output  of  the  active  filters  were  recorded 
on  two  channels  of  a  separate  Sanborn  recorder. 


(C)  The  noise  levels  at  both  signal  channels  were  obtained 
when  the  signal  was  off.  The  signal-to-noise  ratio  thereafter 
was  established  by  monitoring  the  output  level  of  the  two  signals. 


(U)  Doppler  shift  due  to  the  drift  of  the  source  ship  was  deduced 
from  the  phase  angle  relatinn  between  the  128  Hz  recorded 
signal  and  the  128  Hz  reference.  It  was  observed  that  the 
shift  in  phase  between  these  two  signals  was  almost  constant 
during  the  measurement  period.  The  drift  velocity  of  the  source 
(normal  component)  can  be  estimated  by  the  relation 


L 


/ 


where  T  is  the  period  in  seconds  for  a  total  360  degrees  of 
phase  shift  and  c  is  the  average  speed  of  sound  in  the  medium. 
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CALIBRATION 


(U)  Signals  from  two  frequency  synthesizers,  differing  by  a  few 
tenths  of  a  Hertz  from  each  other  were  used  to  calibrate  the  phase 
response  of  the  system.  The  constant  change  in  relative  phase 
of  these  two  signals  result  in  a  ramp  voltage  corresponding  to  a 
range  of  0  to  360  degrees  in  phase.  Full  scale  on  the  chart 
corresponds  to  a  total  of  3&0  degrees  and  the  slope  of  the  line  indi¬ 
cates  the  linearity  of  phase  response.  A  6  volts  peak  to  peak 
signal  amplitude  at  the  input  to  the  digital  filters  was  found 
to  be  the  upper  voltage  limit  for  obtaining  a  linear  phase  response 
of  the  system. 

(U)  The  response  of  the  system  has  also  been  checked  with  noise 
added  to  the  signal.  The  distribution  of  phase  angle  was 
recorded  at  various  signal-to-noise  ratios.  The  result  was 
used  to  compute  the  coherence  gain  using  Equation  (3).  The  data 
are  plotted  in  Figure  4  for  comparison  with  the  expected  perfor¬ 
mance  of  the  system. 


THEORETICAL  ANALYSIS 


(U)  RELATIVE  PHASE  ANGLE  BETWEEN  TWO  HARMONICALLY 
RELATED  SIGNALS: 


a  propagating  CW  signal  can  be  represented  by: 

S  0=  Sin  ^  l  \  ,  X  -  3  , 


where 


=  Amplitude 

-  Angular  Frequency 

k  =  Wave  Number  ) 

f  =  Phase  Angle 

X  a  Range 


(5) 
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C  +  V  -  V 
m  r 


C  +  Vm  -  vc 
m  s 


(Doppler  Shift) 


C  ,  Vm  t  Vr  ,and  are  velocity  of  sound  in  the  medium, 

velocity  of  medium,  velocity  of  receiver,  and  velocity  of  the 
source  respectively.  For  two  harmonically  related  signals, 
one  with  angular  frequency  of  and  the  other  with 

frequency  tOrt  »  n  , 

Sm  -  A^ln  }  } 

and  So  =>  AnS.nL  -*  £,  ]  .  {°' 


If  sn  is  shifted  to  the  same  frequency  band  as  S^j,  the  difference 
in  phase  angle  between  these  two  signals  will  have  the  form: 


A<f> 


CO">  (iT  ^y.  "t  “  Vf 


(7) 


Because  both  signals  are  transmitted  and  received  by  the  same 
projector  and  hydrophone  respectively,  and  if  the  medium  is  non- 
dispersive  for  the  frequency  range  of  the  two  signals,  then  Equation 
(7)  can  be  simplified  to: 


*<P  *  c  <t>m  -  <#>*>  f  (8) 

where  the  0’s  are  frequency  independent  phase  changes  along  the 
transmission  path.  The  surface  reflection  which  causes  l80° 
phase  shift  for  all  signal  components  is  one  of  the  examples  of 
frequency  independent  phase  change.  Equation  (8)  indicates  that, 
if  the  frequency  independent  phase  change  is  not  a  function  of 
distance,  the  phase  difference  between  two  harmonically  related 
signals  will  not  be  a  function  of  distance  either. 
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(U)  When  the  received  signal  is  obtained  at  the  output  sum 
of  the  hydrophone  array,  the  additional  phase  difference 
to  be  considered  is  given  as: 

tan  \  - 

\A/;  c.os 

\  jL  V4.  \ 

)  £  W,  |  (9) 


where 

V^.  =  Shading  Factors 

a-  =  Hydrophone  Spacing s  (distance  to  the 
*  reference  hydrophone) 

0  =  Signal  Arrival  Angle  at  Array 


t 

I 


^or  equally  spaced  array  with  no  shading  factor.  Equation  (9) 
can  be  reduced  to: 

.  (M-l)  P  .  x 

£>4>  —  - i  Rma  u<,e) 

H  2. 

_  .(»£■_> . ,  d  a  ) '  (10) 

and  the  additional  phase  difference  will  be  cancelled  out 
for  the  non-dispersive  medium  due  to  the  fact  &  =  *Vc 
Hence  the  relation  concluded  from  Equation  (8)  will  still  be 
true.  However,  for  the  shaded  array  or  an  unequally  spaced  array, 
the  relative  phase  will  be  changed  due  to  the  different  arriving 
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angle  of  the  received  signals.  The  deviation  of  the  resultant 
phase  angle  difference  can  be  computed  according  to  the  relation 
expressed  by  Equation  (9).  For  ail  array  which  has  a  symmetrical 
configuration,  if  no  shading  factor  is  applied  to  its  hydrophone 
elements,  the  phase  angle  difference  caused  by  different 
signal  angles  is  zero  according  to  Equation  (9). 


(U)  NOISE  INTERFERENCE 


(U)  Fluctuation  of  phase  angle  for  a  received  acoustical  signal 
is  generally  observed  due  to  noise  interference.  To  analyze 
the  resultant  effect  on  the  relative  phase  of  the  harmonically 
related  signals  plus  independent  noise,  the  probability  density 
function  of  phase  angle  distribution  can  be  derived. 

(U)  For  simplifying  the  mathematical  operation,  we  let  the 
reference  phase  of  the  signal  be  zero  initially  and  express  the 
signal  with  added  noise  as: 

—  Go-,  uvt  C„  Co*  t  <*>-t  )  t 

j  2.0^0*^  O^.-VO*  O.S  Wt-t  (11) 

♦  \  Cm  *♦„](  S»"  W.t  , 

where  \"  1 

*  Aa^iitude  of  the  Signal 
<j,  °  Signal  Angular  Frequency 

Noise  A^»litudc  of  Frequency  Ccaqxnier.t  at 

<*>  a  Phase  /ungle  at  Noise  Frequency  exponent 

n  at 


Sy  assuming  the  noise  to  be  a  i-aussian  randots  -ocess.  the 
probability  distribution  of  the  aeplitude  of  the  real  and 
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quadrature  components  for  the  signal  plus  noise  (reference  (7)) 
is: 


_  i. 

z 


*  -  , 
1Ptx)  =  ^*0  **?[_-  '  J 


y  i  j  )  =  UiT 


At-  £-1 . 


(12) 


where  N  =  noise  power  in  the  passband. 

By  changing  the  variables: 

x  -  R  CoS  <f>  , 

=  R  s>w  t 
~  "taw  C  ^ 


(13) 


the  probability  density  of  the  resulting  phase  angle  will  be: 

=  I  s***#* )  C  <\  R  , 

Jo 


XirM 


.  (  -c^p.1  _ _ 

=  -r  K  -+  j'wtsup  >  C**,  </» 

L-Tl  | 

'  r  r~- _ ~  <  S*»tR>  <f>  y 

<  l  i  +  €*+  ( \  csoft)  cos^>  J  -e  I 

(14) 


where  (SNR)  stands  for  signal  to  noise  ratio.  Curves  in  Figure  3 
show  the  phase  angle  distribution  at  various  signal  to  noise 
ratio.  For  signals  having  large  SNR,  Equation  (14)  can  be 
approximated  as: 


UsuftY  Cob^>  r  ^  .  *■  ,  -i 

iPc4>)  = - ?== - e>p  <p  J 

l  12*  •  (15) 
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and  can  be  further  reduced  for  a  phase  angle  distribution 
near  the  reference  value  (the  mean  of  the  distribution). 


where 
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[rn 
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(16) 


Equation  (l6)  is  a  Gaussian  distribution.  The  probability- 
density  function  for  phase  angle  difference  between  two 
signals  is  obtained  by  consideration  of  Equation  (8). 


r  ( A(P  —  V/\ )  n 

L“  in-*  J 


where 


__  _  T- 


1  v\ 


(17) 


if  •>=•  —  i-Sua)  , 

*.  _ J _ 

“  (5**0  , 

The  relation  in  Equation  (17)  can  be  utilized  to  compute  the  coherent 
gain  derived  in  Equation  (3).  For  two  equal  amplitude  signals, 
the  coherent  gain  in  dB  is  given  by  Equation  (3): 


=  io  Lo<j  \  ■+■ 
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where  upper  line  designates  the  average  value.  Since  the 
probability  density  function  of  j.s  given  in  Equation  (17), 
the  average  value  of  cos  (  &<f>  )  can  be  derived: 


G03.  i  Ors  *4>)  ~  Co<,  4>  fn  <p )  4<£>  , 

•'-'n  ..l. 


n  -J &z*L 

cc*.<£  e  4<p 

1^"  K  ' (18) 


Figure  4  shotvs  the  coherent  gain  as  a  function  of  signal  to  noise 
ratio.  Here  it  has  been  assumed  that  the  signal  to  noise  ratio 
for  both  harmonically  related  signals  are  the  same.  A  more 
general  result  could  be  derived  directly  from  Equation  (l4); 
however,  a  simple  closed  form  just  to  illustrate  the  relationship 
is  not  easy  to  obtain. 


Ko)  MULTIPATH  EFFECT 


(U)  If  the  receiving  hydrophone  is  not  highly  directional,  the 
signals  for  comparing  the  phase  difference  are  actually  the  results 
of  multipath  propagation.  To  illustrate  the  multipath  effect  on 
the  coherence  of  harmonically  related  signals,  the  relationship 
of  a  signal  fonned  by  propagation  over  two  paths  are  considered: 


A  Ci>S  (  u>t-  if'i.Tt*  ^  *  6  Ult  ) 


(19) 


where  are  travel  distances  along  two  different  paths 
and  4,  are  their  corresponding  phase  change.  The  resulting 
signal  will  have  a  phase  angle  expressed  by: 


-  V 


tr  Si»  i.  £ ^ 1 
^  ^  *  V  Cl*,  ' 


(20) 


where  t =  ®/a 
and  1. 


If  A*6,  S 


•  m  ft  ■  ft  A  A  B*  B 


will  have  a  value  between  0 
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For  the  case  V  -  l  (A  and  B  are  at  the  same  amplitude). 


Equation  (21)  indicates  that  the  phase  change  due  to  the  two 
different  travel  paths  will  not  enter  the  relative  phase  difference 
through  Equation  (8).  For  cases  of  \  >  Equation  (20) 

can  be  rc'.rritt-^n  in  the  form  of: 

-  &[<'-!>***  £**]  <*> 

*  +  P 3  ^  A<t>^  , 

where  is  the  deviation  from  the  linearization  and  is  plotted 

in  Figure  5.  Those  curves  indicate  for  c SUa-fc** ta-oi  i <  i3o\ 
the  angular  deviation  is  small.  Consequently,  multipath  effect 
will  cause  little  change  in  phase  angle, 

(u)  Generalization  of  Equation  (20)  for  more  than  two  paths  can 
be  easily  extended  to: 

~\  St*l\u,+<0  *  ^  Vj  llltf  -'•oh  ) 

^ if-  Co^  ( 

;  - '  * 

A  simple  interpretation  of  Equation  (23)  is  difficult.  However, 
in  general,  there  are  only  a  few  dominant  modes  in  the  actual  ocean 
environment  at  a  given  propagation  range  (that  is  t >  V.  >  Jr*  ); 
l  general  tendency  of  the  phase  change  can  be  estimated  from 
Figure  5. 
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(U)  In  the  fading  zone,  two  strong  signals  of  equal  amplitude 
with  opposite  phase  will  result  in  cancellation.  The  final  phase 
angle  of  the  resulting  signal  will  he  contributed  by  the  third 
or  higher  modes  which  will  present  a  sudden  change  in  phase  angle. 
However,  the  signal-to-noise  ratio  is  usually  poor  in  the  fading 
zone  and,  therefore,  the  coherence  of  the  harmonically  related 
signals  will  be  severely  influenced  by  noise. 


RESULTS  AND  DISCUSSIONS 


(u)  Coherence  gain  as  defined  in  Equation  (3)  is  computed  from 
the  measurement  data.  The  results  for  various  conditions  of 
signal-tc-noise  ratio  is  plotted  in  Figure  4  for  comparison  with 
the  retical  values.  The  difference  between  two  sets  of  curves 
may  be  attributed  to  the  approximation  of  Equation  (14)  by  Equation 
(16). 

(U;  Typical  time  series  of  the  relative  phase  from  the  reduced 
data  are  show:  in  Figure  6.  (A)  is  the  case  when  the  phase  stays 

plmos*-  constant  in  that  particular  time  interval  and  3/N  is  high. 

(B)  shows  a  slow  monotonic  phase  change  with  time  while  in  (C)  there 
are  large  phase  angle  fluctuations  and  a  shift  in  the  time  interval. 
Case  (A)  corresponds  to  the  ideal  condition  discussed  in  the  analysi 
high  signal  to  noise  ratio  and  no  multipath  interference  so  a  con¬ 
stant  phase  results.  Case  (c)  occurred  typically  at  fading  zones 
when  the  signal  o  noise  ratio  became  low.  At  that  particular 
range,  noise  caused  le'ge  fluctuations  in  phase  angle  and  a 
change  in  the  dominate  muitipath  modes  caused  a  sudden  phase  angle 
shift.  There  is  no  simple  explanation  for  the  3low  drift  paenomenon 
indicated  in  Case  (B).  It  may  be  due  to  slcrly  chenging  multipath 
interference  during  that  time  period  but  there  are  no  data  to 
verify  this. 
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(C)  Long  term  phase  angle  variation  during  the  entire  measurement 
period  at  the  three  measurement  sites  for  91  m  and  l8  m  source 
depths  are  shown  in  Figures  7,  8,  and  9.  The  corresponding  signal 
level  of  128  Hz  and  85  Hz  as  well  as  the  rate  of  phase  angle  change 
are  also  plotted  in  the  diagram  with  the  same  time  axis.  The 
total  range  of  phase  change  exceeds  360  degrees  in  some  cases 
which  is  more  or  less  dependent  on  how  the  ship  drifts  and  the 
propagation  condition.  There  is  some  indication  that  the  rate  of 
phase  change  is  closely  relat'd  to  the  signal  level. 

(C)  The  normal  component  of  ship  drift  speed  can  be  estimated 
from  the  periodic  phase  change  resulting  from  the  comparison 
of  the  128  Hz  signal  and  128  Hz  reference  signal.  From  the 
reduced  data,  the  calculated  value  has  a  range  of  1  to  3  knots. 

The  average  ship  drift  speed  can  also  be  determined  from  the  starting 
position  and  ending  position  during  operation  by  means  of 
satellite  navigation.  Those  values  seem  to  have  a  reasonable 
agreement. 


SUMMARY 


(U)  Studies  of  the  theoretical  relations  of  harmonically 
related  CW  signals  reveal  that  the  fluctuation  in  their  relative 
phase  angle  caused  by  linear  frequency  dependent  parameters 
can  be  eliminated.  In  an  ideal  simple  propagation  condition  with 
only  one  dominant  path  mode  and  on  omnidirectional  hydrophones, 
the  resulting  relative  phase  angle  between  two  signals  will 
stay  constant  regardless  of  movement  of  transmitter  or  receiver 
platform  and  of  the  distance  between  them.  When  multipath  signals 
are  presented  or  shading  of  an  unequally  spaced  hydrophone  array 
is  used,  the  situation  concerning  the  relative  phase  becomes 
complicated.  However,  it  may  be  possible  to  trace  the  basic  relation 
numerically  using  computer  ray  trace  programs  for  detailed  analysis. 

(C)  Measurement  from  NORLANT  ’72  exercise  for  two  harmonically 
related  CW  signals,  128  and  85  Hz,  generally  confirmed  the 
theoretical  relations.  The  relative  phase  angle  stayed  unchanged 
or  varied  slowly  in  most  cases  but  fluctuated  greatly  in  the  fading 
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zone  due  to  low  signal-to-i-oise  ratio  resulting  from  multipath 
inteference.  No  general  conclusion  is  reached' concerning  the 
long  term  slow  phase  change.  Further  investigation  is  desirable 
to  achieve  a  satisfactory  explanation. 

(U)  The  method  used  to  analyze  the  phase  angle  relation  from 
the  measurement  data  provides  a  new  technique  to  recover  the  phase 
information  of  a  signal  propagating  through  the  medium.  Potential 
applications  of  such  techniques  in  target  identification  and 
determination  of  the  characteristic  of  the  medium  can  be  easily 
extended. 


REFERENCES  (U) 


1.  NORLANT  ‘72  (C)  Phase  1  Operation  Plan. 

2.  G.  H.  Robertson  and  R.  L.  Wagner,  "  (U)  Low- 
Frequency  Coherence  Measurements  for  Long  Range 
Underwater  Paths, "  U.  S.  Navy  Journal  of 
Underwater  Acoustics,  Vol.  12,  No.  2,  April  1962, 
page  427. 

3.  J.  Beam,  (C)  "Asqplitude  and  Phase  Fluctuations  for  a 
Signal  Transmitted  from  a  Ship-Towed  CW  Source," 

NUSC  Technical  Report  468l,  1974. 

4.  D.  G.  Tucker  and  N.  J.  Barnickle,  (U)  "Distinguishing 
Automatically  the  Echoes  flrom  Acoustically  ’Hard* 
and  ’Soft'  Objects,”  J.  Sound  Vib.,  £,  3,  page  393- 
397,  1069. 

5.  B.  B.  Adame  and  R.  L.  Martin,  (C)  "NORLANT  '72 
Preliminary  Report,"  Vol.  X  and  II. 

6.  L.  V.  Gibbs,  (ZL2AVF)  (U)  "Digital  Filters," 

QST,  April  1971. 

7.  S.  0.  Rice,  (U)  "Mathematical  Analysis  of  Random  Noise," 
BSTJ,  23  and  24. 

8.  W.  B.  Davenport  and  W.  L.  Root,  (U)  "Introduction 
to  Random  Signal  and  Noise,"  New  York,  McGraw-Hill, 

1958. 


CONFIDENTIAL 

CONFIDENTIAL 


17 


CONFIDENTIAL  . 

CONFIDENTIAL 

TM  No. 
TA11-C22-74 


TABLE  1 

STATION  POSITION 


Station 

Source  Depth 

Tine  * 

Position  * 

1 

91  m 

201505Z 

55*50.0%  43*28.1*W 

2017552 

55*48.9%  43*26. 2*W 

18  m 

2020052 

55*48.0%  43°24.8*W 

210100Z 

55*46. 2‘N,  43*21. 5»w 

3 

91  m 

2213052 

55*38. 9'N,  3§°a*.4*W 

2218063 

58*40.6%  38*36. 8'W 

18  m 

2219052 

58*40.8%  38*37.9'W 

' 

230100Z 

58*43.3%  38*38. 6»W 

4 

91  m 

2401192 

55*49.2%  33*59. 8fW  (Eat). 

240240Z 

55*50.4'N.  34*00. 5' W 

*  The  first  tine  and  portion  for  each  source  depth  refers  to  the  start 
of  the  source  operation  and  the  second  tine  to  the  end  of  the  source 
operation  period. 
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Fig  1.  -  Measurement  Sites 
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Fig  2.  -  Block  Diagram  of  Data  Reduction  System 


Distribution  at  Various  Signal  to  Noise  Ratio 


Fig  5»  -  Phase  Angle  Deviation  from  Linearization  of  Tvra  Coherent  Signals 


of  Two  Hamonioally  RalatedCW  Signals 


DURATION  (hour*) 


Pig  7.  -  Long  Term  Phase  Angle  Variation  Measured  at  Station  #1 
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Fig  8-  -  Long  Term  Phase  Angle  Variation  Measured  at  Station  #3 
¥ 


UNCLASSIFIED 


TM  No. 

T All- 022-74 
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Fig  9.  -  Long  Term  Phase  Angle  Variation  Measured  at  Station  /^4 
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